Abstract. We tested the hypothesis that amendments of two hydrophilic gels to a sand soil would reduce N leaching losses and increase growth of citrus seedlings. Three-month-old seedlings of ʻSwingleʼ citrumelo [Citrus paradisi Macf.
Seedlings of ʻSwingleʼ citrumelo [Citrus paradisi Macf. x Poncirus trifoliata (L.) Raf.] that were 3 months old and ≈10 cm tall were selected for uniformity from the nursery. Roots were gently washed free from the organic soilless potting media and transplanted individually into 0.15-L containers of steam-sterilized Candler sand (Hyperthemic, uncoated typic Quartzipsamments) on 1 May 2001. Two commercial hydrogel materials were compared. One was a sodium-based linear copolymer of acrylate/polyacrylamide (PAM) and the other a potassium-based cross-linked copolymer agronomic gel (AGRO; Stockhausen, Greensboro, N.C). There were a total of 14 treatments: with and without combinations of soil amendments, with and without seedlings, plus a sand only (no plant, NP) no amendment treatment (Table 1) . Different combinations of hydrogels were either uniformly incorporated as dry (DI) material into the sand prior to transplant, used as a root dip slurry during transplant, or applied as a liquid in a single 2-mL surface drench (SD) just after transplant. The hydrogels were applied at concentrations near the commercial recommended rates for transplanting in the nursery (Stockhausen, Technical Bulletin 103-1197) . Pots with DI AGRO treatments were under fi lled with sand to allow for expansion as preliminary tests revealed that AGRO mixed into dry soil at 2.5 g·L -1 swelled the volume of the hydrated soil 28%. There were six replicate pots in each treatment. Plants were grown for 5 months (until 28 Sept.) in an unshaded greenhouse with maximum photosynthetic active radiation of 1500 µmol·m -2 ·s -1 , natural photoperiod, maximum/minimum temperatures of 38 °C day/26 °C night and relative humidities that ranged from 40% to100%.
After establishing treatments, all plants were well-irrigated for 2.5 weeks to allow recovery from transplant. On 19 May, all pots were watered to container capacity, allowed to drain and weighed. For ≈3 months thereafter, pots were reweighed every second day and their weight loss was replaced with a diluted commercial liquid fertilizer solution of 7N-2P-7K+ micronutrients, which contained 100 mg·L -1 of total N (from ammonium nitrate) with an electrical conductivity (EC) of 0.95 ms·cm -1 . Thus, each treatment was fertigated three times per week to container capacity without leaching. On 23 Aug., all pots were irrigated with water (without leaching) alternating with fertigation to avoid any nutrient salt accumulation between leaching events. About every 2 weeks from 21 May until 28 Sept., all pots were leached with water until 10 to 25 mL of leachate was collected. These samples were frozen until analyzed for concentrations of NH 4 -N and NO 3 -N with a rapid fl ow analyzer (ALPKEM, 1986; 1989) . Concentrations of NH 4 -N and NO 3 -N were combined and expressed as total N in mg·L -1 . There were a total of nine sets of 84 leachate samples collected during the course of the experiment. To compare sample concentrations at equal volume, N concentrations were arithAn important goal of Florida citrus nursery tree production (Maust and Williamson, 1994) and in commercial fruit production in the fi eld (Syvertsen and Smith, 1996) is to maximize fertilizer N uptake so as to minimize leaching losses. The poor water holding capacity of the sand soils in central Florida and the high summer rainfall that normally exceeds evapotranspiration, combine to make N leaching losses a serious problem that has been associated with citrus production (Riotte, 1994) . Current best management practices recommend multiple split applications of fertilizer to minimize residual soil N that is susceptible to leaching and avoiding fertilizer applications during the summer rainy season (Tucker et al., 1995) . Since intense rain storms are possible at any time of the year, some leaching losses of N are unavoidable. The percentage of the applied N that is taken up, the N uptake effi ciency (NUE), is inversely related to the N status of trees (Smith, 1966) . NUE can be increased by reducing N application rates (Lea-Cox and Syvertsen, 1996) or by reducing N losses through careful fertilizer and irrigation management (Syvertsen and Smith, 1996) . Soil amendments of high organic compost (Turner et al., 1994) or of water absorbing polymers (hydrogel; James and Richards, 1986) can reduce leaching by increasing water holding capacity of sand soils and soilless potting media (Elliot, 1992) . The time required for plants to wilt after irrigation can be lengthened by hydrogel amendments to soil (James and Richards, 1986) . Although plant growth of roses was enhanced with a hydrogel amendment in pot culture, larger plants suffered more drought stress than the smaller unamended plants in the limited soil volume (Davies et al., 1987) . Oak tree transplant survival was decreased by hydrogels (Ingram and Burbage, 1985) so hydrogels apparently can compete with roots for available water.
Growth, nutrient uptake, and protein content of crop plants was increased by incorporating a hydrogel into sand media in pot culture (Magalhaes et al., 1987; Sayed et al., 1991) . This implied that plant water relations and nutrient uptake were improved by the hydrogel amendment. Hydrogels can enhance ammonium N retention in sand (Henderson and Hensley, 1985) , but the ability of roots to extract nutrients from hydrogel amended soils is not clear. The purpose of this study was to determine growth and N uptake of citrus seedlings in hydrogel-amended central Florida sand. We tested the hypothesis that soil amendments of two hydrophilic gels would increase growth and NUE thereby reducing N leaching losses. Table 1 . Effects of sodium-based linear copolymer of acrylate/polyacrylamide (PAM) and potassium-based cross-linked copolymer agronomic gel (AGRO) hydrogel soil amendments on total plant dry weight (TPDW), root : shoot dry weight ratio (Rt : Sh) and daytime evapotranspiration (ET) of 8-month-old 'ʼSwingleʼ' citrumelo seedlings. Each value is the mean of n = 6. metically standardized to a uniform volume of 25 mL. Unstandardized N concentrations were multiplied by the volume leached to calculate total N leached (mg) per sample.
On 25 and 26 Sept., plant evapotranspiration (ET) was measured by weight loss from each pot between 0800 HR and 1600 HR. Daytime ET (per plant) was calculated as the mean weight loss of 2 d. The sand was gently washed from each root system and plants were separated into roots, stems, and leaves. Total leaf area per plant was measured using a leaf area meter (LI-3000, LI-COR, Lincoln, Nebr.). Plant tissues were dried in an oven at 60 °C for at least 72 h and weighed. Since all seedlings were the same size at the beginning of the experiment, we used total plant dry weight (TPDW) to assess plant growth. Root and leaf samples were milled to a powder for Kjeldahl analysis of total N concentration. Total N contents (mg) of leaves and roots were calculated by multiplying the N concentration (percentage dry weight) in leaves and roots by their respective dry weight. The concentration of N in stems was estimated as 0.5 that in leaves (Syvertsen and Yelenosky, 1988 ) and used to calculate N content in stems. Leaf, root, and stem N content were summed to calculate total plant N content of each plant. This was done both at the end of the study and also at the beginning of the study when initial N contents of six seedlings at the time of transplant averaged 18 mg of N per plant. The total plant N uptake during the experiment was calculated by subtracting 18 mg N from each total plant N content at the end of the study. Nitrogen uptake effi ciency (NUE in percent N applied ) was calculated as (N uptake/N applied) × 100.
The experiment was a completely randomized design with 14 treatments and 6 replicate pots in each treatment. Data were tested for signifi cant differences by analysis of variance and treatment means were separated by Duncanʼs multiple range test (SAS Institute, Cary, N.C.) at P < 0.05. Regression analysis was used to test for correlations between selected variables when appropriate. Fig. 1 . The relationship between daytime evapotranspiration (ET) and total plant dry weight (TPDW) of ʻSwingleʼ citrumelo seedlings at the end of the experiment. Each point represents the mean (n = 6 ± SE) of each treatment; see Table 1 for the key to symbols.
Results
Soil amendments with PAM alone had no effect on plant growth regardless of application method or rate (Table 1) . Plants in soil amended with AGRO grew more than the untreated control plants. Plant growth in the additional PAM surface drench treatment (SD PAM 40 + AGRO) did not differ from those in the AGRO alone treatment. The SD PAM 80 + AGRO plants were smaller than those treated with AGRO alone. After AGRO was incorporated into the soil, the additional applications of AGRO as a root dip or of PAM incorporated into the soil had no effect on plant growth. Root and shoot dry weights (data not shown) generally ranked in the same order as TPDW. Overall, there was no correlation (r = 0.005) r = 0.005) r between TPDW and the root:shoot dry weight ratio (Rt:Sh). Control seedlings had the highest Rt:Sh and the SD PAM 40 + AGRO plants had the lowest Rt:Sh.
The soil evaporation components of ET from the two no plant (NP) treatments did not differ and averaged ≈21% to 30% of the ET of the treatments with seedlings ( the AGRO amendments differed little in their water use. The two AGRO + root dip treatments had no effect on ET compared with the ET of their respective AGRO treatments without the additional root dip. There was a positive correlation between TPDW and ET as the larger plants used more water (Fig. 1) .
Since fertilizer was added with each irrigation, treatments with larger plants that required more water also received more total N in the fertigation applications (Fig. 2a) . The arrow (↑) indicates when irrigations began alternating with fertigations. The plotted treatments represent the entire range but some of the intermediate treatment plots have been deleted for clarity. The two treatments with no plants (NP) received the least N applied but leached the highest concentrations of N (Fig. 2b) . By the beginning of July, the N application rates apparently matched the plant uptake rates as concentrations of total N in the leachate (standardized to 25 mL) generally began decreasing across all treatments. On 13 Sept., N concentrations in the leachate varied from only 1.1 to 6.8 mg·L -1 . Throughout the study, concentrations of leached NO 3 -N exceeded that of NH 4 -N on every sampling day (data not shown). The total accumulated N that leached from treatments with plants ranged from a low of ≈5 mg for the AGRO treatment to 10 mg for the DI PAM 55 treatment. (Fig. 2c) . The greatest amount of total N leached was the 19 to 20 mg from the two NP treatments, which did not differ signifi cantly (Table 2 ). The addition of PAM as a surface drench (NP+SD PAM 80), however, reduced the percentage of N recovered in the leachate to 67% of the N applied compared with 73% leached from the NP untreated control. Although the treatments with seedlings received about two to three times more N than the NP treatments without plants, treatments with seedlings only leached ≈6% to 13% of the N applied. PAM amended plants leached ≈13% of the N applied which did not differ from that of the untreated control plants. Amendments with AGRO reduced the percentage of N leached to ≈6% to 9% of that applied and AGRO alone had the lowest percentage of N leached. The combined treatment of SD PAM 80 + AGRO increased N leaching losses above that from AGRO alone so the leaching losses from the combined treatment was intermediate between the control plants and other AGRO treatments.
Leaf N concentrations were generally in the low range and the AGRO alone treatment and the two SD PAM +AGRO treatments were N defi cient, <2.2% N for bearing trees (Tucker et al., 1995;  Table 2 ). Only the smallest plants (DI PAM 55 treatment) had leaf N concentration that approached the optimum range of 2.5% to 2.8%. There was a negative correlation (r = -0.48; r = -0.48; r P < 0.05) between leaf N and TPDW. Root N concentration (data not shown) was not correlated with leaf N, but larger plants did have higher N in roots as root N was correlated (r = 0.32, r = 0.32, r P < 0.05) with TPDW. The larger AGRO amended plants took up the most N over the duration of the experiment. Total N uptake of the smaller PAM amended plants was less than the AGRO plants and did not differ from the unamended control plants. Plants in the SD PAM 80 treatment took up the least amount of N. Nitrogen uptake effi ciency (NUE) varied from ≈55% in the untreated and PAM amended plants up to 81% in the largest AGRO treated plants. The addition of the SD PAM 80 to the +AGRO, lowered NUE to intermediate between that of AGRO alone and SD PAM 80 alone. The additional AGRO root dip treatment to the SD PAM 40 + AGRO treatment, signifi cantly increased total N uptake but not suffi ciently to increase the NUE of the SD PAM 40 + AGRO + root dip plants over that of the SD PAM 40 + AGRO plants. The DI PAM 27 + AGRO plus AGRO root dip similarly increased NUE slightly over the DI PAM 27 + AGRO treatment, but not signifi cantly so. Although there was no correlation between NUE and total N applied within the PAM treated plants, NUE was positively correlated with N applied over all treatments (Fig. 3) .
Discussion
We wanted to determine if soil amendments of these two hydrophilic gels would increase growth and N uptake effi ciency thereby reducing N leaching losses. Although there was no correlation between plant size and the relative amount of growth allocated to roots or shoots, the soil amendments affected growth allocation patterns as the untreated control plants had the highest Rt:Sh ratio. Since several of the DI AGRO treatments had lower Rt:St ratios than control plants, a relatively smaller root Table 2 . Effects of PAM and AGRO hydrogel soil amendments on components of the N budget and plant N uptake effi ciency (NUE) of 8-month-old ʻSwingleʼ citrumelo seedlings. Each value in the mean of n = 6 plants. See Table 1 Fig. 3 . The relationship between nitrogen uptake effi ciency (NUE) and total N applied to ʻSwingleʼ citrumelo seedlings. Each point represents the mean (n = 6 ± SE) of each treatment; see Table 1 for the key to symbols.
system supported a larger shoot than control plants presumably through improved water use. The SD PAM 40 + AGRO treatment had the smallest Rt:Sh ratio implying that this combined treatment improved plant water use better than other treatments. The current recommended use of the single stranded polymer, PAM, is for soil erosion control as a dry application at the soil surface at 10 mg·L -1 . We speculated that higher concentrations of PAM either applied as a liquid on the sand surface at 40 or 80 mg·L -1 or dry-incorporated into sand at 27 or 55 mg·L -1 , would not only hold sand particles in place, but also reduce leaching. However, there was no difference in N losses between any of the PAM treatments and the untreated control seedlings. Although the surface treated PAM treatment with no plant did reduce N leaching to less than that from the untreated sand with no plant, this small reduction attributable to PAM was not refl ected in any reduced N losses from the treatments with plants. Plants in the two PAM-incorporated treatments tended to use more water than the surface applied PAM treatments but there was no signifi cant effect of PAM treatments on ET or plant growth relative to the untreated control seedlings.
In the pots with no plant, the surface application of PAM (SD PAM 80) did not reduce the evaporation component of ET even though this PAM treatment did reduce the percentage of N leached below that from the untreated sand. This is direct evidence that N retention was increased signifi cantly by PAM alone. When combined with AGRO, the same SD PAM 80 treatment not only reduced ET and plant growth below the other AGRO treatments (Fig. 1) , but this treatment also decreased NUE below the AGRO treatments. Under the conditions of this study, the combined PAM + AGRO soil amendments apparently competed with seedlings for both water and N.
Plants in the treatments with the crosslinked polymer gel, AGRO, grew more and allowed less N to leach than untreated control plants even though the larger AGRO treated plants received a much higher application of N. There was not a signifi cant benefi t using an additional AGRO root drip treatment over that of the DI AGRO alone. Based on the increased N concentration in roots of the larger plants, the DI AGRO amendments probably retained more N in the soil, especially NH 4 -N (data not shown; Henderson and Hensley, 1985) , than untreated sand, but there was no AGRO alone treatment with no plant for direct comparisons. Higher application rates of N and root N concentrations did not translate to higher concentrations of leaf N as only the smallest plants had leaf N concentrations considered suffi cient for bearing trees (Tucker et al., 1995) . Using the highest average daytime ET of 27 mL/day (Fig. 1 ) and the N concentration in the fertigation water of 100 mg·L -1 , the largest plants received an average of 2.7 mg of N per day or ≈19 mg N per week. This is a relatively low rate to maintain high leaf N concentrations in potted citrus seedlings, but thought to be a good rate to minimize N leaching (Lea-Cox and Syvertsen, 1996) . This rate was chosen to avoid any fertilizer salt accumulation during the 2-week periods with no leaching. Considering the low N application rates and small leaching losses along with the negative correlation between leaf N and plant size, there must have been a growth dilution effect on leaf N in the larger plants. Although there was no evidence of N supply limiting plant growth, it is possible that higher N rates could have promoted more growth.
Plants received the same rate of potassium (K) as N but we did not measure concentrations of leaf K. It is unlikely that the K-based cross-linked AGRO material added any signifi cant K to the soil as this polymer material breaks down very slowly in the fi eld over a period of 2 to 4 years (J. McLeod, personal communication).
The AGRO plants had a much higher NUE than untreated and PAM treated plants. It is important to note that seedling growth and water requirements dictated the rate of N fertilizer that was applied with the irrigation water. Thus, the fastest growing treatments that used the most water, also received the highest N rates. We have measured NUE as high as 60% for potted citrus seedlings (LeaCox and Syvertsen, 1996) and as high as 68% of that applied to lysimeter-grown bearing trees (Syvertsen and Smith, 1996) . In both cases, NUE declined with increasing rates of N application. The percentage of the annual amount of N applied that is removed with the crop can be as high as 80% in N-defi cient trees but decreases to <34% in the larger crops of trees fertilized with higher rates of N (Smith, 1966) . The AGRO soil amendments in this pot study, had NUE that varied from 61% to 75% and up to 81% when both AGRO and PAM were incorporated into the soil prior to transplant and combined with a AGRO root dip at the time of transplant. The NUE results of this study are not only very high, but also are unusual in that NUE increased with the increasing rate of N applied. This result was probably not only due to increasing N retention in this soil in pots, but also due to the relatively low application rates of N and careful watering that avoided leaching.
The AGRO treatments clearly increased growth, water use and N uptake of ʻSwingleʼ seedlings while reducing N leaching losses. Low N rates, enhanced growth and high N uptake undoubtedly reduced residual soil N that was susceptible to leaching. Amendments also increased water and N retention, thereby enhancing total N uptake effi ciency. Although these results cannot be extrapolated to the fi eld, such soil amendments to improve plant growth and N uptake could have immediate application in nursery production and could be of potential benefi t in managing citrus resets in sand soil.
